
Graded contribution of the G�� binding domains to
GIRK channel activation
Rona Sadja, Noga Alagem, and Eitan Reuveny*

Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel

Communicated by Lily Y. Jan, University of California School of Medicine, San Francisco, CA, June 10, 2002 (received for review May 23, 2002)

G protein coupled inwardly rectifying K� channels (GIRK�Kir3.x)
are mainly activated by a direct interaction with G�� subunits,
released upon the activation of inhibitory neurotransmitter recep-
tors. Although G�� binding domains on all four subunits have been
found, the relative contribution of each of these binding sites to
channel gating has not yet been defined. It is also not known
whether GIRK channels open once all G�� sites are occupied, or
whether gating is a graded process. We used a tandem tetrameric
approach to enable the selective elimination of specific G�� bind-
ing domains in the tetrameric context. Here, we show that tandem
tetramers are fully operational. Tetramers with only one wild-type
channel subunit showed receptor-independent high constitutive
activity. The presence of two or three wild-type subunits recon-
stituted receptor activation gradually. Furthermore, a tetramer
with no GIRK1 G�� binding domain displayed slower kinetics of
activation. The slowdown in activation was found to be indepen-
dent of regulator of G protein signaling or receptor coupling, but
this slowdown could be reversed once only one G�� binding
domain of GIRK1 was added. These results suggest that partial
activation can occur under low G�� occupancy and that full
activation can be accomplished by the interaction with three G��

binding subunits.

The G protein-gated K� channels (GIRK�Kir3.x) play an
important role in various physiological actions. They have

been extensively studied in the heart and the brain, where they
are involved in the control of heart rate upon vagal stimulation
(1) and in the generation of neurotransmitter-mediated slow
inhibitory postsynaptic potentials (2). The gating of these chan-
nels is mainly mediated by the direct interaction of the G��
subunits of the G protein (3–5), in concert with other factors
such as phosphatidylinositol-4,5-bisphosphate (6–8) and Na�

ions (refs. 9 and 10; for review see ref. 11).
The functional unit of the GIRK channels is a tetramer,

usually composed of GIRK1 and either GIRK2 or GIRK4, in the
brain and heart, respectively. The GIRK heterotetramers have
been suggested to contain two subunits of each of the two gene
products in alternating positions (12–14). A few cases are noted
where the functional unit is a homotetramer of either GIRK2 (in
the substantia nigra) or GIRK4 (in the atrium) (15, 16).

The molecular elements involved in the binding of G�� to the
channel and the mechanism of channel activation are not well
defined. However, evidence from many laboratories suggests
that multiple binding domains, localized to both the N- and
C-terminal cytosolic domains, are involved in this action (17–26).
Huang et al. (19) identified a G�� binding site within amino acids
318–374 of GIRK1, with a downstream region (amino acids
390–462) acting to enhance the binding of the first segment.
They identified these regions in GIRK2–GIRK4 as G�� binding
sites as well. The proximal C-terminal binding site may be
responsible for agonist-induced activation but does not affect
basal activity when mutated (18), indicating separate regions
responsible for basal versus muscarinic receptor-induced acti-
vation. A region of the N-terminal domain has also been shown
to exhibit G�� binding, although with a lower affinity than the
C-terminal regions (23). Furthermore, there may be synergistic

enhancement between the N- and C-terminal domains of each
subunit (19).

Following G�� binding, a conformational change, which
probably involves a bending or rotation of the second trans-
membrane domain (TM2), opens the permeation pathway (27,
28). The stoichiometry of binding of G�� subunits to each
channel has been variously estimated to be between one and four
(29–33); however, more recent work involving chemically
crosslinked GIRK tetramers and G�� subunits demonstrated
that the number is probably four (34). Despite the probable
existence of four binding sites in the channel tetramer, there is
no evidence to suggest whether a complete G�� binding ‘‘pock-
et’’ is made of sites within the same subunit or across subunits
(34, 35). Furthermore, little is known about the relative contri-
butions of each of the sites for channel function.

Here, we used a tandem tetrameric approach to investigate the
relative contributions of GIRK1 and GIRK4 to channel gating.
This approach allowed us to impose constraints on the number
of the G�� binding domains as well as to examine positional
effects. We found that gating of the tetramer by receptor
activation can be detected once at least two G�� binding
domains are present. In addition, the GIRK1 G�� binding
domain is essential for fast kinetics of activation, a process that
does not dependent on receptor coupling mechanisms. We
suggest that GIRK channels can fully gate by the binding of three
G�� subunits but can be partially opened with only one site
occupied.

Methods
Tetramer Construction. Wild-type tetramers were made by tandem
linking of GIRK4-GIRK1-GIRK4-GIRK1 [Tet(4-1-4-1)] chan-
nel subunits using the following linkers: linker between the first
and the second subunit was TGTS(Q)6 with SpeI and AgeI sites;
between the second and the third subunits, SAA(Q)7 with a NotI
site; and between the third and the fourth subunits, TGTS(Q)6
with SpeI and AgeI sites. Chimeric constructs that contained the
core region (TM1 through TM2) of either Ile-86 to Cys-179 of
GIRK1 or Phe-93 to Cys-185 of GIRK4 and the N- and
C-termini of IRK1, were made using standard PCR techniques.
All constructs were verified by sequencing.

Oocyte Expression and Electrophysiology. Xenopus oocytes were
isolated as described (27) and injected with a 50-nl solution
containing �0.2–5 ng of in vitro transcribed channel cRNA and
�0.5–1 ng of receptor cRNA. The following receptors were used:
muscarinic receptor type 2 (m2R), �2 adrenergic receptor
(�2AR), or with the combination of m2R, � opioid receptor, and
metabotropic glutamate receptor type 2 (mGluR2). c-�ARK was
used at a concentration of �0.5–2 ng. cRNA concentration was
estimated by formaldehyde gel. All recordings were made 3–6
days after injection.

Macroscopic currents were recorded from oocytes with a
two-electrode voltage clamp by using Dagan CA1 amplifier and

Abbreviations: GIRK, G protein-coupled K� channels; TM, transmembrane; RGS, regulator
of G protein signaling.
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constant perfusion with 90 mM KCl�2 mM MgCl2�10 mM
Hepes (pH 7.4 with KOH), defined as 90K solution, with or
without 3 �M carbachol to activate m2R, 1 �M U69593 to
activate � opioid receptor, 30 �M K-glutamate to activate
mGluR2, or 1 �M isoproterenol to activate �2AR. A small
chamber (4–20 mm) with fast perfusion was used to measure
kinetics of activation. Unless otherwise mentioned, all of the
measurements were taken at �80 mV. Acquisition hardware and
software and analysis programs used were all from Axon In-
struments. Single channel recordings were performed as de-
scribed (27) using 90K solutions for the bath and 90K supple-
mented with 50 �M GdCl3 in the pipette.

Western blotting was done according to the procedure de-
scribed by Peleg et al. (36). Tet(4-1-4-1) was detected with an
anti-GIRK1 antibody (Upstate Biotechnology, Lake Placid, NY)
and a commercially available chemiluminescence kit (Pierce).

All data are presented as mean � SEM. Statistical significance
(P � 0.05) was tested using unpaired t test.

Results
Tandem Tetramers Gate Similarly to Wild-Type Channels. To examine
the relative contribution of each of the G�� binding domains to

GIRK channel gating, we constructed a tandem tetramer con-
sisting of wild-type GIRK4-GIRK1-GIRK4-GIRK1 subunits
[Tet(4-1-4-1)] (Fig. 1B). To establish the validity of using this
tetramer further in our study, we needed to confirm that its
gating resembles the gating of the wild-type monomeric channel
(GIRK1�4). We therefore measured current activation in the
presence of 3 �M carbachol. Both GIRK1�4 and Tet(4-1-4-1)
showed a large current induction upon receptor stimulation,
which was reversible following the removal of the agonist from
the external solution (Fig. 1 A and B). For GIRK1�4 and
Tet(4-1-4-1), currents increased to 4.8 � 0.5 and 3.8 � 0.2 times
the basal current levels, respectively, by m2R activation. In
addition, the activation kinetics were similar between GIRK1�4
and Tet(4-1-4-1) channels. Half-maximal activation (t1/2) oc-
curred within 0.5 � 0.05 s for GIRK1�4 and 0.4 � 0.04 s for
Tet(4-1-4-1). On the single channel level, GIRK1�4 or Tet(4-1-
4-1) coexpressed with G�� showed similar characteristics of fast
f lickery openings and short bursts (Fig. 1 A and B). We also
tested the ability of Tet(4-1-4-1) to select for K� ions and its
rectification properties and found them to be similar to the
GIRK1�4 channel (not shown). To verify that Tet(4-1-4-1) is

Fig. 1. Tet(4-1-4-1) gates similarly to wild-type channels. (A) Wild-type monomers GIRK1 (gray) and GIRK4 (black) were coexpressed in Xenopus oocytes with
m2R. (Left) Continuous recording of current at �80 mV. Oocytes were bathed in 90K solution, followed by application of 3 �M carbachol to activate the channels.
Carbachol was washed out with 90K, and then GIRK channels were selectively blocked by the application of 1 mM barium. (Right) Single-channel currents from
oocytes injected with GIRK1, GIRK4, and the G�1�2 subunits under the cell-attached configuration. The holding potential was �100 mV. Channel openings are
shown as downward deflections. (B) Tet(4-1-4-1) is composed of two subunits of GIRK4 alternating with two subunits of GIRK1. (Left) Currents were recorded
in the same manner as in A. (Inset) Western blot for Tet(4-1-4-1) expressed in oocyte membranes shows a band at approximately 200 kDa, corresponding to the
estimated size the tetramer. (Right) Single-channel currents from oocytes expressing Tet(4-1-4-1) and the G�1�2 subunits. (C) Tet(0-0-0-0) is composed of
GIRK1�IRK1 chimeras, where the N- and C-terminal domains of GIRK1 were replaced with the corresponding IRK domains, and GIRK4�IRK1 with similar
substitution, to make a nongating tetramer (see text). Continuous recordings and single-channel currents were recorded as described above, although
single-channel activity was recorded in the absence of G��.
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translated in full and is stable in the oocyte membrane, Western
blot analysis was performed. Fig. 1B (Inset) shows a specific band
of �200 kDa in oocytes injected with Tet(4-1-4-1) but not in
uninjected oocytes. From the size of this band and its integrity,
we conclude that Tet(4-1-4-1) is translated in full and that the
channel protein is stable in the oocyte membrane. The results
provided above strongly suggest that in all respects, the Tet(4-
1-4-1) channel functions in an identical manner to the GIRK1�4
channel when expressed in Xenopus oocytes.

The G�� Binding Domains Impose Channel Closure. Having estab-
lished the validity of our tetrameric approach, we continued by
constructing Tet(0-0-0-0), in which the cytoplasmic domains of
GIRK1 and GIRK4 in Tet(4-1-4-1) were replaced by those of
IRK1(Kir2.1), an inward rectifier that does not gate in response
to G��. Whereas Tet(4-1-4-1) consists of alternating subunits of
GIRK4 and GIRK1, the designation Tet(0-0-0-0) indicates that
each of the four subunits contains both the N- and C-terminal
cytosolic domains of IRK1 (denoted as 0). In Tet(0-0-0-0) and
in all tetrameric constructs made thereafter, the transmembrane
and pore regions of the corresponding GIRK subunits were left
intact because (i) the assembly of functional tetramers is medi-
ated through these areas, and members of the IRK family do not
assemble with those of the GIRK (13, 37), and (ii) we wanted to
conserve the gates that are responsible for coupling the G��-
dependent gating with pore opening (27, 28). Although the
cytoplasmic regions also contain residues known to be important
for interaction with PIP2 and Na� ions (6–10), we have chosen
to limit our investigation to the effects of G��.

In contrast to Tet(4-1-4-1), Tet(0-0-0-0) channel was no longer
able to be gated by m2R stimulation (Fig. 1C), displaying high

constitutive activity which was G��-independent, as determined
by its insensitivity to the G�� chelator, c-�ARK (not shown)
(36). Furthermore, Tet(0-0-0-0) maintained GIRK-like single
channel characteristics (27), with fast openings and bursting
activity, as expected when the core region of the channel is
preserved (22). The G��-independent high constitutive activity,
and the lack of responsiveness of Tet(0-0-0-0) to receptor
stimulation, suggest that Tet(0-0-0-0) is unable to close in the
absence of receptor stimulation and therefore can be viewed as
having all of its activation gates open. This implies that, in GIRK
channels, the presence of the G��-binding domains maintains
the channel in its closed conformation, in the absence of receptor
stimulation.

Taking into account the information presented above, specif-
ically the inability of Tet(0-0-0-0) to close, we were interested in
determining the minimal required G�� binding domains that are
able to close the channel, or alternatively, the minimal required
components that enable channel gating by receptor stimulation.
We therefore constructed new chimeras, systematically replacing
both the N- and C-cytosolic domains of each channel subunit in
the wild-type tetramer and in different combinations. Fig. 2
shows a schematic representation of the chimeras made and the
relative efficiency by which they are activated by m2R stimula-
tion. It is immediately apparent that the ability of m2R activation
to gate the channel strongly depends on the relative amounts of
G�� binding domains present (for simplicity, the G�� binding
domain is defined here as consisting of both the N- and
C-cytosolic domains of the same channel subunit). Interestingly,
tetramers containing either one GIRK1 [Tet(0-1-0-0)] or one
GIRK4 subunit [Tet(0-0-4-0)] did not respond to receptor
stimulation, with 1.06 � 0.01 and 1.06 � 0.01-fold induction by

Fig. 2. A graded response of tetramers upon induction by carbachol. Currents at �80 mV were recorded in 90K solution with and without 3 �M carbachol.
The average of the basal currents for each tetramer (three to five batches of oocytes, n � 6 per batch) was arbitrarily set at 100% (white bars), and the amount
of agonist-induced increase in current upon the addition of 3 �M carbachol was determined (black bars). (Inset) Tetramers were grouped according to the number
of constitutively active subunits they contain; Tet(4-1-4-1) contains none, Tet(4-1-4-0) and Tet(0-1-4-1) contain one, Tet(0-1-4-0), Tet(0-0-4-1), Tet(4-1-0-0),
Tet(4-0-4-0), and Tet(0-1-0-1) contain two, Tet(0-1-0-0) and Tet(0-0-4-0) contain three, and Tet(0-0-0-0) contains four. The ability to gate was defined as the fold
current increase above basal activity in tetramers containing specific number of constitutively active subunits, divided by the fold-induction of Tet(4-1-4-1) and
expressed as a percentage.
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m2R stimulation, respectively. In contrast to these channels,
tetramers with two G�� binding domains, Tet(0-1-4-0), Tet(0-
0-4-1), Tet(4-0-4-0), and Tet(0-1-0-1), were already able to close,
judging by their ability to open by m2R stimulation, with 1.28 �
0.03, 1.48 � 0.05, 1.60 � 0.08, and 1.32 � 0.03-fold induction by
receptor stimulation, respectively. Having three G�� binding
domains, as seen with Tet(4-1-4-0) and Tet(0-1-4-1), also in-
creased the ability of the channels to close, but to a lesser extent
than the wild-type Tet(4-1-4-1) channel. Tet(4-1-4-0) displayed
2.0 � 0.1-fold and Tet(0-1-4-1) displayed 1.5 � 0.1-fold induction
by receptor stimulation. These results suggest that under con-
ditions where only one or two of the channel subunits are
constitutively active, the channel displays partial activation in the
absence of receptor stimulation (see Fig. 2 Inset). In addition, the
unequal contribution of the different G��-domain stoichiome-
tries to channel activation may suggest that there is intersubunit
cooperativity in gating the channel.

As a control for the proper assembly of the tetramers, we
constructed a dimer, Dim(4-0). Dim(4-0) was expected to couple
to itself to form a functional channel identical to Tet(4-0-4-0).
Dim(4-0) did indeed show similar gating characteristics to
Tet(4-0-4-0), with 1.3 � 0.1-fold, compared with 1.5 � 0.1-fold
induction (not shown). As a further control, we also constructed
Tet(4-1-0-0), which, when expressed in oocytes, should fold into
the same channel as the previously mentioned Tet(0-0-4-1).
Tet(0-0-4-1) and Tet(4-1-0-0) displayed carbachol induction of
1.4 � 0.1 and 1.3 � 0.1-fold, respectively. These results confirm
that a functional channel unit is mainly made of one tetramer
subunit.

The G�� Binding Domain of GIRK1 Plays a Role in Gating Kinetics. In
addition to the varying extents of channel closings seen in the
tetramers described above, we have also observed differences in
gating kinetics. A summary of the activation kinetics, t1/2, is given
in Fig. 3. It is apparent that Tet(4-0-4-0), a tetramer containing
two G�� binding domains, both of the GIRK4 type, is the slowest
to activate. This is in sharp contrast to Tet(0-1-0-1), which
contains two similar G�� binding domains, but both of the
GIRK1 type. Tet(4-0-4-0) is about seven times slower to activate
than Tet(0-1-0-1), with t1/2 of 6.5 � 0.5 s compared with 0.9 �
0.1 s, respectively. This difference was significantly reduced once
both the N- and C-cytosolic domains of one GIRK1 subunit were

added to Tet(4-0-4-0) to make Tet(4-1-4-0), with t1/2 of 1.6 �
0.3 s. This suggests that GIRK1 cytosolic domains are major
determinants for fast activation kinetics and that one subunit is
sufficient for this action.

Regulators of G protein signaling (RGS) have been shown to
affect activation and deactivation kinetics of GIRK channels,
mainly because of the acceleration of GDP–GTP exchange of
the G� subunit and acceleration of G� GTPase hydrolysis rate
(38–42). We wanted to determine whether the slow activation
kinetics in Tet(4-0-4-0) could be accelerated with RGS protein,
as seen in the wild-type channel. We therefore coexpressed
Tet(4-0-4-0) or Tet(0-1-0-1) and m2R with or without RGS4 and
measured the activation kinetics. The activation kinetics of
Tet(4-0-4-0) were unaffected by coexpressing RGS4 and were
slightly speeded for Tet(0-1-0-1) (Fig. 3). This suggests that the
slow activation kinetics of Tet(4-0-4-0) are not due to an effect
that depends on nucleotide exchange mechanism of the G�
subunit.

It has been shown previously that G� subunits interact with
the GIRK channel cytosolic domains, and thus it was proposed
that GIRK channels may exist in complexes that include recep-
tors and G proteins to enhance efficient channel activation (22,
23). To test whether the effects seen with Tet(4-0-4-0) are the
result of impaired interaction with G protein-coupled receptors
and�or different G� subunits, we coexpressed Tet(4-0-4-0) or
Tet(4-1-4-1) with three types of Gi/o protein-coupled receptors,
m2R, � opioid, and mGluR2, in the same oocytes, and compared
the activation kinetics following specific receptor stimulation. In
addition, we coexpressed the same tetramers with �2AR and
G�s (43) as an example of a Gs linked receptor. For all receptors
tested, Tet(4-0-4-0) showed slower activation kinetics compared
with Tet(4-1-4-1) (Fig. 4). These results suggest that slow acti-
vation kinetics seen in Tet(4-0-4-0) may not be due to impaired
interaction with a specific receptor and�or G protein type but
rather be due to intrinsic properties within the channel molecule.
The addition of even one set of GIRK1 cytosolic domains can
speed this slow intrinsic property, as seen in Tet(4-1-4-0).

Discussion
In this work, we were able to investigate the relative contribution
of various GIRK channel G�� binding domains to receptor-
mediated activation and to activation gating kinetics, using a

Fig. 3. Kinetics of activation of the various tetramers. Half-maximal time for activation (t1/2) was calculated by determining the time it takes for currents to
reach half the maximum of activated currents (difference between induced and basal levels). Holding potential was �80 mV. Light gray bars denote
measurements from oocytes that also coexpress RGS4. Data were averaged over one to three batches of oocytes.
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tandem tetramer-based approach. By examining the ability of
receptor stimulation to activate various tetramers containing
G�� binding domains in different stoichiometries, we show that
tetramers containing none or one G�� binding domains are
insensitive to receptor-mediated activation and display consti-
tutive activity. The addition of two or three G�� binding
elements is sufficient to close the channel and hence to display
receptor-mediated activation, although not as tight as is seen
with four wild-type subunits. These results point toward a
specific stoichiometry of G�� subunits for the activation of
GIRK channels. Moreover, full closing of the channel is per-
missible only when all subunits in the tetramer are able to gate
in response to the binding of G��. Furthermore, we were able
to demonstrate that channel activation kinetics are mainly
controlled by the GIRK1-associated G�� binding domain, in-
dependent of the receptor type involved in this action. The
relevance of these findings to channel gating and activation
kinetics is discussed below.

How can we view the G�� binding domains as regulators of
channel gating? We found that a tetramer that does not contain
G�� binding domains, Tet(0-0-0-0), is unable to close, or
alternatively, gate by receptor stimulation. Because the gating
transduction machineries, located within the TM1 through TM2
region of the channel, were not removed in this tetramer, we can
suggest that the G�� binding domains are not only important in
the detection and transduction of signals to the core region to
open the channel by bending the TM2 domain (27), but also to
maintain this core gating machinery in its closed inactive state.
Following this logic, tetramers that contain only one G��
binding domain [Tet(0-1-0-0) or Tet(0-0-4-0)], either of the
GIRK1 or the GIRK4 type, can be viewed as channels with three
constitutively open gates and one regulated closed gate.

By selectively adding and positioning the constitutively active
domains within the tetramers, we were able to uncover the
graded nature of the response to G�� binding. Gated channel
activity of about 30% of the wild type was detected by the
incorporation of one constitutively active subunit into the tet-
ramer and decreased to about 15% once two constitutive
subunits were incorporated. Interestingly, tetramers containing
three constitutively active domains did not respond to receptor
stimulation, suggesting that full gating of the GIRK channels can
be achieved by the binding of only three G�� subunits (Fig. 2
Inset). The ability of only three gating subunits to fully open the

channel may be suggestive of the possibility that the full open
conformation can be the result of positive cooperativity between
the G��-activated subunits in opening of the channel. Concep-
tually similar graded activation behavior has been described in
cyclic nucleotide gated channels, where three subconducting
levels were observed due to the selective binding of cGMP to
two, three, or four sites within the channel, accompanied by a
gradual increase in opening probability (44). In the case of the
GIRK channel, we propose that the gradual increase in channel
opening is mainly due to an increase in the channel’s open
probability. This has been seen in recordings from single GIRK
channels not stimulated by G��, where the channel opens to full
conductance with only apparent changes in channel mean open
time and open probability (27). These results suggest that
channel gating does not occur in an all-or-none fashion, and thus
can be tuned according to the strength of receptor stimulation.

What is the contribution of intersubunit interaction to G��-
induced activation? Tetramers containing only two G�� binding
domains activate by receptor stimulation to a similar extent,
regardless of the relative locations of the G�� binding domains,
suggesting that intersubunit cooperation between the G�� bind-
ing domains is not essential to control channel gating. These
results suggest that the G�� binding domains, the N-and C-
cytoplasmic regions within a subunit, form a functional unit
responsible for keeping the core-associated gate closed in the
absence of G�� binding.

In contrast to the various gating efficiencies seen with the
constructed tetramers, we observed no major effect of the
subunit composition on channel gating kinetics; the activation
time course of most of the tetramers was within a margin that can
be accounted for by the expression levels seen with the different
tetramers (t1/2 from 0.5 to �2 s) and is comparable to what has
been seen in native tissues (45–48), with the exception of
Tet(4-0-4-0). The time course of activation of Tet(4-0-4-0) was
15 times slower than the wild-type Tet(4-1-4-1). Slow activation
has been previously seen by Slesinger et al. (22) when measuring
the gating kinetics of IRK1�GIRK1 chimeras that did not
contain the N-terminal domain of GIRK1. It was then suggested
that the GIRK1 N-terminal cytosolic domain may couple the
receptor and the inactive G protein trimer to provide an efficient
coupling during activation (22, 23). Indeed, when one set of
GIRK1 G�� binding domains was added to Tet(4-0-4-0) to make
Tet(4-1-4-0), the activation time course returned to within
wild-type levels. Thus, this suggests that only one subunit of
GIRK1 is required for fast activation gating.

Might disruption of receptor- and�or G protein-channel cou-
pling with the cytosolic domains in Tet(4-0-4-0) be the reason for
slow gating? We addressed this issue by using two strategies. We
first expressed three different G�i/o-coupled receptors, belong-
ing to three different families, with the idea that if a receptor-
specific interaction is the cause for slow activation gating of
Tet(4-0-4-0), it should not be seen with different receptor types.
Our results demonstrate that slow activation gating is indepen-
dent of receptor type and thus exclude the possibility of a
receptor-specific mechanism. In addition, if slow activation was
due to impaired G�i/o interaction with the channel, the activation
time course by G�s-coupled receptor should not be slower in
Tet(4-0-4-0) compared with the wild-type tetramer. Our results
show that the time course of activation of Tet(4-0-4-0) by �2AR,
which is coupled to G�s, is still slower than the activation of the
wild-type tetramer, as seen with the different receptor types.
Therefore, the slower activation time course may not be due to
impaired coupling with the inactive G�i/o�� trimer (23). Because
the effects of RGS proteins oppose those seen with Tet(4-0-4-0),
it may be possible that the slower activation kinetics are because
of impaired interaction of G�-RGS with the channel (49, 50).
Our results show that coexpression of RGS4 did not accelerate
the activation time course of Tet(4-0-4-0). This may suggest that

Fig. 4. Slow activation of Tet(4-0-4-0) is independent of G protein or receptor
type. Tet(4-0-4-0) or Tet(4-1-4-1) were coexpressed in the same oocytes with all
three Gi/o-coupled receptors: m2R, mGluR2, and � opioid. The agonists used
were carbachol, K-glutamate, and U69593, respectively. Separately, Tet(4-0-
4-0) or Tet(4-1-4-1) was coexpressed with �2AR and G�s, and currents were
induced with isoproterenol at a holding potential of �80 mV. t1/2 was deter-
mined as described in the Fig. 3 legend.
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the slow activation kinetics are not the result of differences in the
rates of GDP–GTP exchange on the G� subunit upon receptor
stimulation, a mechanism responsible for the acceleration of
channel activation (41). Why then do homotetramers of GIRK4,
which do not contain any GIRK1 elements, have fast activation
gating? It was recently shown that two critical residues in the N
and the C termini of both GIRK1 and GIRK4 contribute to
G��-mediated activation and binding to the channels (24).
However, the mutations of the same corresponding residues in
GIRK1 and GIRK4 displayed different degrees of signal atten-
uation, with a complete attenuation in GIRK4 and partial
attenuation with GIRK1. This suggests that GIRK1 and GIRK4
N and C termini have slightly different abilities to interact with
G��. Therefore, it may indeed be that slow gating in Tet(4-0-4-0)
is because of intrinsic factors related to the efficiency of or
transduction by G�� to open the channel.

This report demonstrates the relative contribution of the G��
binding domains to GIRK channel gating, their position as well
as their role in controlling activation kinetics. It seems that three
G�� subunits are sufficient to fully gate the channel; however,
channel activation is already apparent when only one subunit is
gated. This may be of importance for the ability of small
submaximal inhibitory synaptic activity to fine-tune cellular
excitability.
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